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The perceived role of the ER in the biogenesis of plant peroxisomes has evolved significantly from the original “ER vesiculation” model,
which portrayed co-translational import of proteins into peroxisomes originating from the ER, to the “ER semi-autonomous peroxisome” model
wherein membrane lipids and post-translationally acquired peroxisomal membrane proteins (PMPs) were derived from the ER. Results from more
recent studies of various plant PMPs including ascorbate peroxidase, PEX10 and PEX16, as well as a viral replication protein, have since led to
the formulation of a more elaborate “ER semi-autonomous peroxisome maturation and replication” model. Herein we review these results in the
context of this newly proposed model and its predecessor models. We discuss also key distinct features of the new model pertaining to its central
premise that the ER defines the semi-autonomous maturation (maintenance/assembly/differentiation) and duplication (division) features of
specialized classes of pre-existing plant peroxisomes. This model also includes a novel peroxisome-to-ER retrograde sorting pathway that may
serve as a constitutive protein retrieval/regulatory system. In addition, new plant peroxisomes are envisaged to arise primarily by duplication of the
pre-existing peroxisomes that receive essential membrane components from the ER.
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Plant peroxisomes are categorized into different classes
based on their complement of enzymes that correspond to the
specific cell or tissue type and/or stage of plant growth and
development [1–4]. Examples of such specialized plant
peroxisomes are (1) glyoxysomes using fatty acid β-oxidation
and glyoxylate cycle enzymes to cooperatively convert storage
lipids to sugars during post-germinative seedling growth, (2)
leaf (or leaf-type) peroxisomes catalyzing essential reactions of
photorespiration within photosynthetically active tissues, (3)
gerontosomes using re-acquired glyoxysomal enzymes to
catabolize lipids in senescing tissues, (4) root nodule peroxi-
somes participating in ureide biosynthesis in uninfected nodule
cells, and (5) “unspecialized” peroxisomes, which are relatively
undifferentiated peroxisomes found throughout the plant body.
A unifying feature of all of these peroxisomes is the presence of
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of reactive oxygen species generated within the organelle in a
multitude of ways [5–7].
The profound metabolic plasticity of plant peroxisomes is
typically accompanied by dynamic variations in their shape and
size, as well as their motility along actin microfilaments [8–10].
Plant peroxisomes can also uniquely convert from one class of
specialized peroxisome to another [11]. Such interconversions
can occur several times within cells of the same tissue in
response to changes in internal and/or external cue and are most
often achieved through changes in enzyme content within a
steady state number of pre-existing peroxisomes per cell [11].
This latter phenomenon seems to be an unique characteristic of
peroxisomes in plants since overt increases in number of
peroxisomes per cell do not occur as they do in methanol- or
oleate-grown yeast cells or clofibrate-induced rat liver cells
[12].
The changeovers in plant peroxisome function(s) are
orchestrated through the post-translational acquisitions of
nuclear-encoded matrix and membrane proteins from their
sites of syntheses in the cytosol. The sorting of matrix and
membrane proteins occurs within distinct intracellular traffick-
ing pathways and represents a major aspect of plant peroxisome
biogenesis studies over the past few years [4,13–15]. Overall,
much progress has been made through Arabidopisis thaliana
genome searches for peroxin genes (PEX) that code for peroxins
(PEX), which are involved variously in the biogenesis of
peroxisomes including protein import, organelle maturation
(maintenance/assembly/differentiation), replication and inheri-
tance. To date, 23 known or predicted plant peroxin genes have
been identified [14–17], compared to only 16 peroxin genes in
mammals and 33 in yeast [12,14]. This number for plant
peroxins includes genes that code for five isoforms of
Arabidopsis PEX11 [18] and the two isoforms of Arabidopsis
PEX3 [19].
Matrix proteins are directed to plant peroxisomes via two
distinct molecular targeting signals, named peroxisome target-
ing signal type 1 and type 2 (PTS1 and PTS2), which are
conserved among evolutionarily diverged organisms [4,12,14,
20–23]. The canonical PTS1 is a non-cleaved C-terminal
tripeptide motif consisting of small, basic, and hydrophobic
amino acid residues at positions −3 to −1, respectively [24],
although significant variations in the motif often exist due to its
dependence on the context conveyed by so-called upstream
accessory residues [25,26]. The PTS2 consists of a nonapeptide
at, or within, the N terminus of matrix proteins that commonly is
cleaved in plants during or after import into peroxisomes
[27,28]. Interestingly, PTS2-bearing proteins are not cleaved in
yeast [12].
Searches of the Arabidopsis genome indicate that at least 220
genes probably code for PTS1-bearing proteins [23], while up to
74 genes might code for PTS-2 bearing proteins [29]. Notably,
an additional 30 genes have been identified in Arabidopsis as
coding for known peroxisomal matrix proteins without a PTS1
or PTS2 [29], suggesting that other, yet unidentified, peroxisome
targeting signals exist in plants. While the greater abundance of
PTS1-containing proteins is common among organisms, therelatively large number of PTS2 proteins seems to be char-
acteristic of plants. Unfortunately, with the exception of these
and some other details on the molecular targeting signals
responsible for sorting matrix proteins to plant peroxisomes, our
knowledge of the events and proteins (peroxins) specifically
involved in targeting, docking, and translocation of matrix
proteins in plant cells is rudimentary compared to that of yeast
and mammalian cells [reviewed in 4, 14].
In virtually all organisms, PMPs do not possess a PTS1 or
PTS2; instead, they utilize a membrane PTS (mPTS) for their
intercellular sorting. Two distinct internal, non-cleaved mem-
brane mPTS have been identified [12,13,30,31]. The mPTS1 is
comprised of a stretch of positively-charged amino acid residues
immediately adjacent to a transmembrane domain (TMD),
typically orientated on the matrix side of the peroxisomal
membrane [19,32–35]. mPTS1-bearing PMPs are sorted
directly from the cytosol to peroxisomes. Like the mPTS1,
the mPTS2 consists of a positively-charged region and a nearby
TMD; however, this signal has in addition an “ER sorting
signal”, which is overlapping or adjacent to the peroxisomal
targeting signal [36–38]. The mPTS2 seems to direct PMPs to
the ER and then onto peroxisomes.
In yeasts and certain mammalian cells, PEX3, PEX16, and
PEX19 have been shown recently to participate in the formation
and subsequent assembly of new peroxisomes from the ER
[reviewed in 39–41]. All three of these Arabidopisis homologs
have been cloned and the targeting signal has been determined
for the PMPs PEX3 [19] and PEX16 [75]. However, par-
ticipation of these plant peroxins in the origination of perox-
isomes from the ER has not been reported. Studies with these
and other plant PMPs revealed that while some nascent PMPs
sort to peroxisomes directly from the cytosol (referred to as
Group II PMPs), others sort indirectly to peroxisomes by way of
the ER (referred to as Group I PMPs). Research with PMPs in
the latter group such as ascorbate peroxidase (APX), PEX16,
and a viral protein (p33) contributed to the formulation and
presentation in this review of the “ER semi-autonomous
peroxisome maturation and replication” model for plant
peroxisome biogenesis (Fig. 3) (see also Section 4).
Here we review the studies related to these and other selected
plant PMPs and consider these results in the context of recent
models that variously describe participation of the ER in plant
peroxisome biogenesis. We review also the key features of our
newly-proposed “ER semi-autonomous peroxisome maturation
and division” model including the central premise that the ER
provides new membrane components to pre-existing classes of
peroxisomes, which depending on their fate might divide
(duplicate) via a regulated fission process.
2. Trafficking of PMPs to plant peroxisomes via the ER
2.1. Trafficking of APX through ER to
peroxisomes—development and comparisons of early
peroxisome biogenesis models
During the last 10 years, most studies of yeast and
mammalian PMPs focused on the trafficking of membrane-
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doing so provided evidence for the possible involvement of the
ER in peroxisome biogenesis in these organisms (reviewed in
[39–45]). In plants however, the majority of research centered
on a peroxisomal membrane-bound enzyme, namely APX.
Among the eight peroxisomal APXs identified in different plant
species [46], cottonseed (Gossypium hirsutum) and pumpkin
(Cucumis pepo) APX were examined most extensibly in
biogenesis studies [38,47–51].
Peroxisomal APX is a carboxy tail-anchored (Ncytosol–
Cmatrix) integral membrane protein [52] that plays a key role in
protecting plant cells by scavenging toxic reactive oxygen
species [52–54]. For example, within peroxisome membranes,
APX, in concert with other membrane and matrix proteins,
participates in the reduction of hydrogen peroxide to water and
the cycling of electrons through molecular ascorbate [55,56].
During the regeneration of ascorbate, including the shuttling of
ascorbate and monodehydroascorbate across the peroxisomal
boundary membrane, NADH is oxidized to NAD+, which is
essential for continued operation of various metabolic pathways
housed within specialized peroxisomes (e.g., glyoxysomes)
[35,53,54,56]. Given the key role of APX in scavenging toxic
reactive oxygen species at the peroxisomal boundary mem-
brane, the enzyme has been implicated also as an important
component of the signalling cascade that is initiated in response
to external oxidative stresses (cues) [57–59].
Until about the mid 1990s, peroxisome biogenesis was
described in terms of two simple and mutually exclusive
models: the “classical” model later termed the “ER vesicula-
tion” model in plants (Fig. 1A) [60] and the “autonomous
peroxisome growth and division” model (Fig. 1B) [61]. The
key difference between these models is the means of
peroxisomal acquisition of proteins and membrane lipids. In
the former model (Fig. 1A), all peroxisomal proteins (similar to
secretory proteins) are co-translationally sequestrated within
the ER in a signal-recognition particle (SRP)-dependent
manner followed by vesiculation and budding of new
peroxisomes from a smooth segment of the ER. In the other
model (Fig. 1B), all proteins are acquired post-translationally
from the cytosol into pre-existing peroxisomes, which subse-
quently grow and eventually divide (by fission) into daughter
peroxisomes. Both models prevailed for many years even
though each had major flaws such as ubiquitous co-transla-
tional protein import (Fig. 1A) or an unidentified source of
membrane phospholipids for peroxisome growth and division
(Fig. 1B) [12,62,63].
In concerted efforts to test which of these models might
describe the biogenesis of plant peroxisomes, in vitro and in
vivo trafficking studies were conducted with peroxisomal
cottonseed APX [47]. Mullen and co-workers demonstrated
that in vitro radiolabeled APX inserted post-translationally
into highly purified maize ER microsomal membranes in a
SRP-independent manner. The specific insertion of APX into
ER membranes was significantly enhanced with the addition
of ATP and three plant molecular chaperones, namely Hsp70,
AtJ2 (DnaJ homolog), and AtE1 (GrpE homolog). Results
from a series of accompanying negative and positive controlexperiments revealed several important attributes of the import
process. For instance, nascent APX did not bind indiscrimi-
nately to other organelle membranes, whereas nascent yeast
Candida bondinii PMP47 inserted only into peroxisomes,
and Saccharomyces cerevisiae PEX15 was taken up only into
the ER microsomes; both results were expected based on
findings presented in other earlier studies [32,37]. Collectively,
these results for the in vitro import of APX did not uniformly
support either the “ER vesiculation” or “autonomous peroxi-
some growth and division” models.
In the same study [47], companion in vivo immunofluores-
cence experiments in which a hemagluttinin-tagged version of
APX was transiently expressed in tobacco BY-2 suspension
culture cells revealed that nascent APX was localized initially
only in reticular-circular structures interpreted as localized sites
or subdomains within the ER. Thereafter, APX was localized to
these ER subdomains in addition to peroxisomes (Fig. 2A and
B). Confirmation that APX sorted through authentic ER to
peroxisomes was obtained in experiments with brefeldin A
(BFA), a fungal toxin that in plant cells results in a collapse of
Golgi bodies onto the ER, which inhibits export of materials
from the ER [64]. APX in BFA-treated transformed cells was
“held” in ER subdomains, and then upon removal of BFA the
protein ended up in the peroxisomes. While interpretations of
intracellular trafficking of overexpressed membrane proteins
often are criticized due to possible mis-targeting, as might be the
case for APX, results with radiolabeled APX in in vitro studies
corroborated the ER-to-peroxisome sorting of this PMP.
The collective results obtained with APX led to formulation
of the “ER semi-autonomous peroxisome” model for the
biogenesis of plant peroxisomes (reproduced in Fig. 1C) [47].
Similar to the earlier prevailing “ER vesiculation” model, this
model instituted the involvement of the ER in peroxisome
biogenesis. However, nascent PMPs were portrayed as being
imported post-translationally from the cytosol into the ER,
rather than imported co-translationally from ER-bound poly-
somes. This model also depicted the delivery of PMPs within
vesicles to pre-existing peroxisomes, rather than formation of
new peroxisomes directly from a segment of ER via a
membrane budding (vesiculation) process. It is important to
point out that no direct evidence was provided for such ER-
derived vesicles; rather, vesicles were envisaged as the APX-
containing membrane carriers between the ER and pre-existing
peroxisomes. The model also depicted specialized subdomains
of the ER (named peroxisomal ER [pER]) that were proposed
sites of PMP segregation and vesicular export. Finally, pre-
existing peroxisomes were portrayed as the recipients of
proteins from the ER based on microscopy evidence that all
catalase-containing peroxisomes also possessed overexpressed
APX. Pre-existing peroxisomes is a feature common to both
models shown in Fig. 1B and C, which, as discussed below
(Section 4), is particularly significant in view of comparisons
among the most recent working models for peroxisome
biogenesis in different organisms.
In summary, the first working model presented for the
biogenesis of plant peroxisomes (Fig. 1C), which was based
primarily on the intracellular trafficking of APX, portrayed the
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then onto pre-existing peroxisomes. Although not represented
in the model, the particular class of pre-existing peroxisome
might be maintained as such, or interconverted (differentiated)
into a different class of peroxisome (e.g., glyoxysomes toperoxisomes in oilseed cotyledons). These “matured” peroxi-
somes also might duplicate (by fission?), but might not,
depending upon the ultimate fate of the cell/tissue type in
which the specialized peroxisomes is operating. For example,
cells in mature leaves and cotyledons undergo senescence
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interconvert into gerontosomes [11].
2.2. Further establishment of ER involvement in plant
peroxisome biogenesis—localization of endogenous
membrane-bound APXs and peroxins (PEX10 and PEX16)
within the ER
As the “ER vesiculation” model fell out of favour in the mid
1980s [61], there was a general trend away from considering a
role for the ER in peroxisome biogenesis; this helped bring the
“autonomous growth and division” model to the forefront.
However, as a result of mounting new data obtained on PMP
trafficking, some with plants, but most with yeast mutants
during the late 1990s, models of the mechanisms of peroxisome
biogenesis progressed “back to the ER” [42,43,47]. All of the
models at this time proposed that the trafficking of at least a
subset of PMPs to peroxisomes occurred via the ER.
Subsequent studies examining the potential roles of the ER
in peroxisome biogenesis generated varied controversies. As
mentioned above, doubters cautioned against interpretations
made from studies based on the trafficking of (transiently)
overexpressed PMPs [63]. Considering this criticism, Lisenbee
et al. [49] examined the localization of endogenous APX in
cultured wild-type Arabidopsis cells. Using a cell fractionation
approach, they identified APX protein in both ER and
peroxisomal fractions recovered from isopycnic sucrose-density
gradients. Confirmation of the localization of APX within
authenticated rough ER microsomes was obtained from
observed Mg2+-induced shifts of the protein to higher sucrose
densities, and from immunogold localizations of APX within
the membranes of these highly purified vesicles [49]. In another
cell fractionation study, Nito et al. [51] found that pumpkin
APX and the ER lumenal protein BiP were concentrated within
the same gradient fractions. An interesting difference from these
results with those for Arabidopsis APX, however, was that the
pumpkin APX did not exhibit a Mg2+-induced shift in sucrose
gradients, indicating that this peroxisomal APX was not
sequestered within rough microsomes. This led the authors
[51] to tentatively conclude that (pumpkin) APX was present in
a segment of smooth-surfaced ER, possibly a novel subdomain
of rough ER similar to the pER described previously by Mullen
et al. [47] and illustrated in Fig. 1C.Fig. 1. Early prevailing models for peroxisome biogenesis. (A) The ER vesiculatio
proteins are synthesized on bound polyribosomes and co-translationally inserted into
Thereafter, both sets of nascent proteins move (somehow) into an expanding smooth
to produce a nascent functional, mature peroxisome. Adapted from Beevers [60]. (B) T
(solid triangle) and matrix (solid polygons) proteins are synthesized on free polyr
peroxisomes and the new (daughter) peroxisomes. Therefore, the pre-existing per
peroxisomes, which also grow via protein acquisitions. Alternatively in the case of i
the contorted peroxisomal compartment called the “peroxisomal reticulum” (not sh
peroxisome model. Peroxisomal membrane and matrix proteins are synthesized on fr
their post-translational sorting. Nascent PMPs (such as APX) sort from the cytosol
reticuloplasmin-containing ER (subdomain?) and then to the pER. In the latter ca
equivalent to that described in the “privileged site budding” model for cargo protein s
sites” where COPII vesicles are formed [112]. Transport of PMPs from the pER see
Matrix proteins also could sort indirectly (possibly to vesicles), or in some instances d
[47] with permission of the American Society of Plant Biologists.Steady-state compartmentalization within the ER in Arabi-
dopsis suspension cells has been shown also for two plant PMP
peroxins: Arabidopsis PEX10 and PEX16. In cell fractionation
studies, both of these proteins were identified with specific
antibodies on immunoblots of isopycnic gradient fractions
possessing well-established ER marker proteins [65,66]. Also,
both PEX10 and PEX16 were found in purified rough
microsome fractions as evidenced by Mg2+-induced shift assays
[65,66]. Furthermore, Arabidopsis PEX10 was localized
specifically via electron immunogold microscopy in mem-
branes of isolated rough ER microsomes and in thin sections of
rough ER in non-transformed Arabidopsis suspension cells
[65]. An important exception discussed below was reported for
the localization of Arabidopsis PEX10 only in tobacco leaf
peroxisomes, not the ER [67,68].
In concert with the above in vitro studies with Arabidopsis
suspension cells, in vivo immunofluorescence microscopy
studies revealed the steady-state coexistence of endogenous
Arabidopsis PEX16 within the ER and peroxisomes [66]. While
these latter data seemingly are inconsistent with the localization
of GFP-PEX16 exclusively to peroxisomes in root hair and
embryo cells within stably transformed Arabidopsis plants [69],
an ER localization in the latter cells may have been over looked
since specialized microscopy techniques were not applied to
visualize fluorescent ER. Alternatively, these seemingly varied
results in localizations of the same peroxin might be related to
the different cell types examined in these two studies (i.e.,
suspension cells [66] versus leaf or embryo cells [69]) rather
than to technical differences. As mentioned above, reports of the
epifluorescence microscopy localization of Arabidopsis PEX10
also varied between the different cell types examined. For
instance, transiently-expressed Arabidopsis PEX10-eYFP-chi-
meric proteins were interpreted to sort directly to peroxisomes,
bypassing the ER in leaf epidermal cells; special efforts were
made to visualize possible authentic autofluorescence in the ER
of these cells [68]. In apparent contrast, low abundant,
endogenous immunolabeled Arabidopsis PEX10 was visualized
within portions (apparent subdomains) of the ER in Arabidopsis
suspension culture cells, but not within their peroxisomes [65].
At least one possible reason for this apparent difference is that
PEX10 and other PMPs target to the different classes of
peroxisomes, and possibly even the ER, according to their
metabolic function(s) and/or biogenetic status [70]. Thisn model. Peroxisomal membrane (solid triangles) and matrix (solid polygons)
either the membrane or lumen of a specialized region of the rough ER (RER).
membrane vesicle that, under some unknown influence, pinches off from the ER
he autonomous peroxisome growth and division model. Peroxisomal membrane
ibosomes in the cytosol and sort (post-translationally) directly to pre-existing
oxisomes are envisaged to grow and undergo fission (division) to form new
nterconnected peroxisomes, formation of new (daughter) peroxisomes bud from
own). Adapted from Lazarow and Fujiki [61]. (C) The ER semi-autonomous
ee polyribosomes in the cytosol and interact with molecular chaperones prior to
either directly to the reticular/circular pER subdomain or first to the “general”
se, the mechanism responsible for sequestering PMPs into pER is considered
orting from the ER lumen or membrane into specific subdomains or “privileged
ms to involve vesicles that are subsequently sorted to pre-existing peroxisomes.
irectly (dashed line), to pre-existing peroxisomes. Reproduced fromMullen et al.
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ison between different classes of plastic interconvertable
peroxisomes, for example, suspension cell glyoxysomes versus
leaf peroxisomes, or pre-existing “mature” peroxisomes in non-
dividing differentiated cells versus nascent “daughter” peroxi-
somes in rapidly dividing cells.
Analyses of PEX10 and PEX16 knock-out mutant lines of
Arabidopsis also provided key data on PEX10 and PEX16
localizations without the underlying concern of overexpressed
PMPs [67,69,71,72]. Notably, limited data were obtained with
these two sets of mutants because both were lethal at the heart
stage of seed development. Nonetheless, this phenotype
revealed that these individual peroxin genes were necessary
for normal embryo development/viability. Ultrastructural
examinations of pre-heart stage embryo cells in the PEX10
mutant revealed obvious defects in the morphology of the rough
ER and perturbations in the formations of not only peroxisomes
but also of protein and lipid bodies, both of which are known to
originate from the ER [71]. Based on these data, it was surmised
that Arabidopsis PEX10 functioned within the ER of develop-
ing seeds in the formation of peroxisomes, and of lipid and
protein bodies. Essentially the same functions were proposed
from ultrastructural and gene complementation studies of the
Arabidopsis PEX16 mutant exhibiting a so-called shrunken
seed phenotype [69,72]. It is important to note that these
abnormalities in cellular morphology might reflect secondary
consequences of the mutations and thereby not constitute
supportive evidence that PEX10 and PEX16 function within the
ER.
2.3. Characterization of the pER subdomain in plant cells
As briefly described above, the pER highlighted in Fig. 1C
was described and its function proposed mainly fromFig. 2. Characterization of pER and peroxisome division in plant cells. (A) Confocal
HA-APX (green, left panel) and endogenous peroxisomal matrix catalase (red, middle
BY-2 cell. The solid arrowhead indicates one of the numerous obvious co-localizatio
open arrowheads indicate examples of the localization of HA-APX (but not catalase) i
of the American Society of Plant Biologists. (B) Confocal representative (immuno)
panel) and DiOC6-stained ER membranes (red, middle panel), as well as the overl
example of HA-APX localized to an individual (punctate) peroxisome; open arrowhea
structures considered to be pER. Reproduced from Mullen et al. [47] with permis
immunofluorescence projection overlay image of transiently-expressed CAT-APX
putative circular pER (open arrowheads) in a transformed BY-2 cell. This is a merge
catalase (red). Note the distribution of endogenous catalase in non-aggregated (punc
fromMullen et al. [48] with permission of SpringerLink Publishing. (D) Transmission
peroxisomes indicated with solid arrowheads were identified by their single boundary
plastids, mitochondria, and peroxisomes within this cell. e, electron-dense bodies; p,
al. [50] with permission Blackwell Munsksgaard. (E) Representative confocal (imm
GFP(A206K)-APX localized to individual (punctate) peroxisomes and reticular pER
expressed GFP(A206K)-APX (green) and endogenous peroxisomal catalase (red). Not
this GFP(A206K)-APX transformed cell compared to the aggregated (globular) pe
Reproduced from Lisenbee et al. [50] with permission of Blackwell Munsksgaard. (F
tagged Arabidopsis Pex11p isoforms a (myc-Pex11a) (F—top row of three images)
individual Arabidopsis suspension cultured cells for 5 h (left panels), 24 h (middle pa
isoform-bearing peroxisomes within the corresponding micrographs. In row F, note t
peroxisomes at 24 h are more elongated, whereas at 45 h they are mostly spherical a
expressing myc-Pex11e do not elongate between 5 and 24 h, but are mostly spherica
these myc-Pex11a and myc-Pex11e transformed cells revealed that the number of orga
from Lingard and Trelease [18] with permission of The Company of Biologists. Baepifluorescence microscopic images of transiently-expressed
cottonseed APX in tobacco BY-2 cells [47]. In a large majority
of these cells transformed with a hemagglutinin (HA)-tagged
version of APX, the pER subdomain was described as
immunofluorescent reticular and circular structures (Fig. 2A
and B) that lacked endogenous reticuloplasmins (e.g., calnexin
and calreticulin). Fig. 2B shows, however, that these structures
colocalized with small portions of the overall “general” ER stain
3,3′-dihexyloxacarbocyanine idodine (DiOC6), indicative of
HA-APX localization to a distinct subdomain of the ER.
Significantly, observations of globular and larger circular
“pER” structures in other APX-transformed cells ultimately
led to a resolution of the morphology of this ER subdomain (see
below).
Fig. 2C shows similar, but more prevalent altered pER (and
peroxisomes) in cells transformed with chloramphenicol
acetyltransferase (CAT) appended to the C-terminal portion of
cottonseed APX (CAT-APX). This portion of APX included the
protein's overlapping peroxisome and pER targeting signals
plus its single TMD [38]. Modifications of CAT or other
passenger proteins appended to APX revealed that the globular
structures and large circular structures illustrated in Fig. 2C
actually were independent aggregates of pre-existing pER and
peroxisomes formed by a progressive association, or so-called
‘zippering’ together, of “like” organelles [48]. Specifically, this
zippering phenomenon was determined experimentally to be the
result of the oligomerization of membrane-adjacent, over-
expressed monomeric fusion proteins (e.g., trimeric CAT)
tethered by the appended C terminus of APX to the cytosolic
side of the pER and peroxisome membranes. Even though both
pER and peroxisome membranes contained the monomeric,
cytosol-facing CAT-APX fusion proteins, heterotypic zippering
between pER and peroxisomes was not observed [47,48]. The
reason for this remains undetermined.representative immunofluorescence images (z-sections) of transiently-expressed
panel), as well as the overlay (right panel), in an individual transformed tobacco
ns of HA-APX with endogenous catalase in individual (punctate) peroxisomes;
n reticular and circular pER. Reproduced fromMullen et al. [47] with permission
fluorescence images (z-sections) of transiently-expressed HA-APX (green, left
ay (right panel), in a transformed BY-2 cell. The solid arrowhead indicates an
ds indicate obvious co-localizations of HA-APX and DiOC6 in reticular/circular
sion of the American Society of Plant Biologists. (C) Representative confocal
localized to aggregated globular peroxisomes (yellow, solid arrowheads) and
d (overlay) image of expressed CAT-APX (green) and endogenous peroxisomal
tate) peroxisomes in the neighboring non-transformed BY-2 cells. Reproduced
electron micrograph of a BY-2 cell transiently-expressing GFP-APX. Individual
membrane. Note the presence of numerous homo- and heterotypic aggregates of
peroxisome; pl, plastid; n, nucleus; nu, nucleolus. Reproduced from Lisenbee et
uno)fluorescence projection overlay image of transiently-expressed monomeric
in a transformed BY-2 cell. This is a merged (overlay) image of autofluorescent
e the distribution of non-aggregated (punctate) peroxisomes and reticular pER in
roxisomes and circular pER in the CAT-APX transformed cell shown in (D).
and G) Representative confocal immunofluorescence projection images of myc-
and e (myc-Pex11e) (G—bottom row of three images) expressed transiently in
nels) or 45 h (right panels). The insets show enlarged views of the myc-Pex11p
hat compared to the peroxisomes in the myc-Pex11a transformed cell at 5 h, the
nd clearly more numerous. In row G, note in contrast that peroxisomes in cells
l and clearly more numerous at 45 h. Numerical analyses of the peroxisomes in
nelles actually doubled (duplication) over the 45-h time period [17]. Reproduced
rs in (A–C and E)=10 μm; Bar in (D)=2 μm; Bar in (F)=5 μm.
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made almost serendipitously from unexpected results with
overexpressed, site-directed mutants of GFP-APX fusion
proteins [50]. The key surprising results were that over-
expression of GFP-APX led to formations of homotypic and
heterotypic aggregates comprised of peroxisomes, plastids,
and/or mitochondria. Fig. 2D is a representative electron
micrograph that shows these novel and rather bizarre organelle
aggregates. Of particular importance was the discovery that
the plastid and mitochondrial aggregates actually constituted
the circular portion of the putative reticular/circular pER
subdomain (Fig. 2A and B). That is, these organelles were
“zippered” together via oligomerization of tethered membrane-
bound GFP-APX monomers. Fig. 2E shows that when a
oligomerization mutant version of GFP (GFP A206K; [73]) was
fused to APX, fluorescent circular images were not observed
in transformed GFP-APX plant cells; rather, only reticular ER
was observed. Thus, the reticular fluorescence compartment
was defined as authentic pER subdomains involved in the
indirect trafficking of APX to peroxisomes [50]. This
conclusion was re-enforced in a recent study wherein one of
the two isoforms of rice peroxisomal APX appended to GFP
was observed in peroxisomes and in a reticular (not circular)
network within stably transformed BY-2 cells [74]. The
authors concluded that, similar to that of cottonseed and
Arabidopsis APX, the rice peroxisomal APX sorted indirectly
to peroxisomes via pER.
It appears that not all plant PMPs known to exist within the
ER sort to/through the pER subdomain employed by APX.
Indeed, endogenous Arabidopsis PEX10 was interpreted from
in vitro biochemical and in vivo immunofluorescence studies
to exist within select areas, or subdomains, of the total cellular
ER in Arabidopsis suspension cells [65]. However, identifica-
tion of this subdomain as pER could not be demonstrated
reliably through colocalization of endogenous Arabidopsis
PEX10 and APX because both available antibodies were raised
in rabbit hosts. Moreover, transiently-expressed versions of
GFP- or YFP-tagged Arabidopsis PEX10 did not sort to a
reticular compartment, where endogenous PEX10 was found,
nor to the peroxisomes in suspension cultured cells. Instead,
these overexpressed fusion proteins accumulated in the cytosol.
In contrast, overexpressed Arabidopsis PEX10-YFP trafficked
directly to peroxisomes in tobacco epidermal cells; and, as
mentioned above, this expressed construct was not localized
within any part of the ER in these cells [67,68]. Hence, it is not
clear whether PEX10 resides in the same pER subdomain as
APX. Moreover, the apparent discrepancies in the localizations
of endogenous and overexpressed Arabidopsis PEX10 in the
different plant cells have not been resolved.
Unlike APX, endogenous Arabidopsis PEX16 was not
observed in select areas of the ER; it was localized throughout
the “general” ER in suspension cells [66]. In concert with these
observations, overexpressed myc epitope- and GFP-tagged
versions of Arabidopsis PEX16 also accumulated throughout
the ER and not within any apparent ER subdomains [75].
Interestingly, overexpressed human PEX16-GFP also was
observed throughout the “general” ER in cultured COS-7 cellseven though new peroxisomes possessing membrane-bound
human PEX16 were formed from select sites within the ER in
these cells [76].
In summary, while a pER subdomain is well defined for plant
peroxisomal membrane-bound APXs, it is not yet established
for any other plant PMPs including membrane-bound peroxins
that ostensibly sort to peroxisomes indirectly via the ER (e.g.,
PEX10 and PEX16). pER-like subdomains involved in
peroxisome biogenesis have been described for other organisms
with varied names, e.g., the “lamellae ER extension” in
mammalian cells [77] and the “pre-peroxisomal template” in
the yeast Yarrowia lipolytica [78], but in all of these cases these
ER subdomains are considered as the origination sites for new
peroxisomes. In contrast, pER in plant cells has been deemed
strictly as a platform from which ER-derived membrane
proteins and lipids exit within as yet undefined membrane
carriers and eventually end up within pre-existing peroxisomes.
What functional and morphological similarities/differences
exist among pER and the peroxisomal biogenesis ER
subdomains identified in other organisms is an interesting
aspect for future research efforts.
3. Localization of viral replication protein reveals a
peroxisome-to-pER trafficking pathway in plant cells
Recent findings have provided evidence that plant peroxi-
somes, in addition to receiving membrane proteins and lipids
from the pER, are engaged in pER-destined retrograde sorting.
During the infection of plant cells by certain positive-strand
RNA tombusvirsus (e.g., tomato bushy stunt virus [TBSV]),
peroxisomes undergo a remarkable structural reorganization
into novel compartments called peroxisomal multivesicular
bodies (pMVBs) [15,79,80]. The formation of pMVBs involves
initially the progressive inward vesiculation of the peroxisome's
membrane, resulting in the matrix housing up to hundreds of
small (80–150 nm) vesicles or spherucles. Thereafter, the outer
membrane of the pMVB forms one or more large, vesicle-
containing appendages that encircle portions of the neighboring
cytosol yielding a doughnut-shaped or C-shaped structure. The
formation of pMVBs is considered essential for the replication
and spread of the tombusvirus within an infected host since the
internal vesicles are the sites where viral RNA replication takes
place [81–83].
In a study of the intracellular trafficking of one of the
components of the TBSV replication complex, namely the 33-
kDa RNA-binding protein p33, McCartney and co-workers [80]
demonstrated that nascent p33 was sorted initially from the
cytosol to peroxisomes by way of a targeting signal that
resembles the mPTS1 in most host-cell PMPs. Perhaps even
more notable was the finding that when expressed alone, p33,
together with resident PMPs, sorted from peroxisomes to pER
via peroxisome-derived vesicles. This process relies on the
ADP-ribosylation factor1 (ARF1), which promotes the forma-
tion of COPI-coated vesicles [80,84]. The peroxisome-to-pER
sorting of p33 also is mediated by a targeting signal located at
the N terminus of the protein that resembles an arginine-based
motif responsible for the COPI-dependent, vesicle-mediated
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[85–87].
Based on these and other observations, it was suggested [80]
that, in TBSV-infected cells, p33 not only functions as an
essential component of the viral replication complex and a
determinant of inward budding and vesiculation during pMVB
biogenesis, but also in the formation of peroxisome-derived
vesicles that sort to the pER. Further, these p33-containing
vesicles were proposed to deliver to the pER “early” peroxins
that function at steady-state in the ER in the early stages of
peroxisome membrane assembly (e.g., PEX10 and PEX16)
[65,66,75]. These peroxins would then serve to stimulate the
formation of additional pER-derived membrane carriers
required for the increase in surface area during pMVB
biogenesis. Interestingly, it has been proposed more recently
[15] that p33 also participates in the inward vesiculation events
at the peroxisomal membrane by exploiting constituents of
ESCRT (endosomal sorting complex required for transport) in a
way that is similar to the ability of enveloped RNAviruses, such
as HIV and Ebola, to appropriate the ESCRT machinery to
execute their programmed budding from the plasma membrane
of infected mammalian cells [88]. Whether this is indeed the
case and whether the proposed p33-mediated peroxisome-to-
pER sorting pathway can only be induced in TBSV-infected
cells, or can also function in uninfected plant cells, remains to
be tested experimentally.
4. Revised “ER semi-autonomous peroxisome” model for
plant peroxisome biogenesis
Fig. 3 shows a new, more comprehensive plant peroxisome
biogenesis model that incorporates all of the data on PMP
localizations and trafficking since formulation of the “ER semi-
autonomous peroxisome” model (Fig. 1C). The model also
incorporates recent information related to duplication of pre-Fig. 3. The semi-autonomous peroxisome maturation and replication moexisting peroxisomes with an emphasis on the participation of
the ER in the maturation (differentiation and growth) of
different classes of pre-existing peroxisomes (e.g., glyoxy-
somes, leaf peroxisomes, etc.) and their offspring organelles.
Accordingly, this model is named the “ER semi-autonomous
peroxisome maturation and replication” model. Indeed, the
essence of this new model is similar to its predecessor (Fig. 1C)
in that they both portray a mandatory supply of membrane
components from specialized subdomains (pER) of the ER for
maturation/differentiation of pre-existing peroxisomes. Such a
dependence upon the ER in both models also defines the semi-
autonomous maintenance and assembly feature of the plastic,
interchangeable plant peroxisomes.
Another critically important feature that is shared by both
models is that the ER is not proposed as the site of origination
(formation) of new plant peroxisomes (Figs. 1C and 3) as has
been championed recently for the biogenesis of peroxisomes in
certain yeast [89–92] and mammalian [76] species. In these
other organisms, certain peroxin mutants lack peroxisomes, yet
the organelles reappear from the ER following complementa-
tion of the missing peroxin gene. To date, no plant peroxin
mutation has been reported to result in the complete loss of
peroxisomes in plant cells [16,93,94]. Therefore, as discussed
below, the model incorporates the only available evidence for
the formation of new plant peroxisomes by duplication (fission)
of pre-existing peroxisomes [18].
Two different portions of the ER are portrayed in Fig. 3 since
it is known that a single portion of the ER is not involved in
steady-state localization and indirect trafficking of Group I
PMPs to plant peroxisomes. For example, Arabidopsis PEX16
in nontransformed plant cells is distributed throughout the entire
“general” ER [66], whereas Arabidopsis PEX10 [65] and
cottonseed and rice APX [47,50,74] are localized in a distinct
portion(s) of the ER. The latter two PMPs are depicted in the
same pER subdomain, although as pointed out earlier, it has notdel for plant peroxisome biogenesis. See text (Section 4) for details.
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exit from, the same (identical) pER sites. Furthermore, it is not
known what structural features of Group I PMPs are crucial for
sorting from the cytosol to the “general” ER or pER, or from
these areas of the ER subsequently to the boundary membranes
of pre-existing peroxisomes. Data published to date on
molecular targeting signals for at least cottonseed APX and
Arabidopsis PEX16, however, indicate that the sorting of these
and possibly other Group I PMPs to the ER (pER) and
peroxisomes is mediated by two partially overlapping sets of
sorting signals [38,75].
In the absence of specific data, APX was depicted in the
former “ER semi-autonomous peroxisome” model to exit pER
within budding vesicles that ultimately fused with pre-existing
peroxisomes [47] (Fig. 1C). This was a speculative portrayal,
barrowing from vesicular flow described for the classical ER
secretory system [95]. In Fig. 3, exit of Group I PMPs from the
general ER or pER is illustrated much less specifically as a
“blebbing/fragmentation” process to de-emphasize specific
vesicle formation, and to suggest exit from these sites at the
ER within more generalized, undefined membrane carriers.
However, this is not meant to preclude vesicular exit and flow;
rather, it allows consideration of other exit vehicles, such as a
“lamellar ER extension” described as the ER-derived pre-
peroxisomal carriers in mouse dendritic cells [77].
The blebbed/fragmented carriers derived from the ER (pER)
are depicted also in Fig. 3 to travel to, or become part of, an
intermediate compartment proposed as an ER-peroxisome
intermediate compartment (ERPIC) [40]. Several observations
fostered postulating involvement of such a compartment in plant
peroxisome biogenesis. In one case, transiently-expressed
Arabidopsis PEX16 was observed in punctate, non-ER or non-
Golgi, pre-peroxisomal compartments in control transformed
cells and in cells recovering from incubation in BFA or incu-
bation at low temperatures (15 °C) [96], both of which disrupts
exit of membrane bound proteins from the ER [64,97,98]. In
another case, peroxisomes in certain plant cells have been
observed within large pleomorphic structures of clustered
peroxisomal tubules [15] reminiscent of the tubular vesicular
clusters that comprise the ER-Golgi intermediate compartment
and that regulate bi-directional traffic of membrane-enclosed
carriers through the secretory pathway [84]. Notably, proteins
localized to post-ER (pER) compartments in the plant peroxi-
some trafficking pathway [47,75,96] and the classical secretory
system [99,100] return back to the ER (pER) in response to
treatment with BFA, suggesting that both pathways share a
similar mechanism for retrograde protein sorting.
In the former “ER semi-autonomous peroxisome” model
(Fig. 1C), matrix proteins were portrayed as being targeted
indirectly to peroxisomes though transport vesicles based on
results with transiently expressed CAT-SKL serving as a repre-
sentative matrix protein reporter construct. Specifically, Mullen
et al. [47] found that in BFA-treated cells, CAT-SKL was
localized predominately in the cytosol, not within pER like APX
in these cells, or within peroxisomes as expected, although BFA
did not affect the sorting of YFP-SKL to peroxisomes in tobacco
leaf cells [68]. Based on these data, it was postulated that theperoxisomal matrix protein constituents sort to pre-existing
peroxisomes through an intermediate compartment, namely ER-
derived pre-peroxisomal vesicles (Fig. 1C). Consistent with this
premise, matrix proteins as well as Group II PMPs that have been
experimentally shown to bypass the ER (pER) in plant cells
(e.g., Arabidopsis PMP22, PEX2, PEX3, PEX11, and mono-
dehydroascorbate reductase) [18,19,34,35,68] are depicted as
being sorted to pre-existing peroxisomes, possibly via an ERPIC
and/or the unknown carriers that interconnect these two
compartments. Not specifically shown in the model (Fig. 3)
are the viral proteins p33 and p92 that, like matrix proteins and
Group II PMPs, are sorted initially to pre-existing peroxisomes
and together with other viral and host-cell factors cause the
inward invagination of the peroxisomal boundary membrane
during pMVB biogenesis in TBSV-infected cells [15,80].
Not perceived nor considered in the “ER semi-autonomous
peroxisome” model [47] is the fascinating peroxisome-to-ER
retrograde pathway portrayed in Fig. 3. As described in some
detail in the previous section (see Section 3), the TBSV
replication protein p33 travels along with resident host-cell
PMPs from peroxisomes to pER [80]. The membrane carriers
responsible for this peroxisome-to-pER sorting were envisioned
to be peroxisome-derived vesicles; however, the model more
generally depicts “blebbing” as is shown for carriers exiting the
ER and reflecting the need for more details for both carriers. It
now remains to be determined whether this retrograde sorting
pathway occurs in TBSV-infected plants, or also in non-infected
plants as a constitutive means for retrieval of peroxisomal
proteins such as “early” peroxins that function at steady-state in
the ER in the early stages of peroxisome membrane assembly,
or of escaped ER resident proteins. Consequently, the pathway
is shown in Fig. 3 as a more general feature because it modifies
and extends the biogenetic link between peroxisome and the
ER, particularly through a novel PMP sorting pathway.
Finally, the “ER semi-autonomous peroxisome maturation
and replication” model (Fig. 3) addresses another important
aspect of plant peroxisome biogenesis that is not represented in
its predecessor (Fig. 1C), namely peroxisome multiplication.
The simple reason for this is because the control of peroxisome
multiplication in most organisms has been addressed experi-
mentally only recently. For clarity, more specific terminology
related to these events has been proposed [101]. Peroxisome
“proliferation” refers to an induced several-fold increase in
size/number of pre-existing peroxisomes within a short time
period, whereas peroxisome “division” refers to the cell-cycle-
dependent replication (i.e., duplication, doubling, etc.) of pre-
existing peroxisomes. Both of these processes occur in plants,
although they have been documented mostly as descriptive
events [102–108]. Specifically, the model in Fig. 3 shows only
peroxisome division, since reliable quantitative data are
available only for plant peroxisome duplication. For example,
mutations in an Arabidopisis dynamin-like protein 3A [109]
whose homologs in yeast and mammals participate in the
division (fission) portion of the peroxisome replication process
[110,111] caused aberrant peroxisome morphologies. Over-
expression of various Arabidopsis PEX11 isoforms (named
isoforms a through e), whose homologs in mammalian and
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(elongation and subsequent multiple divisions) [101,110], also
promote changes in plant peroxisome morphology and/or
number per cell [18]. Specifically, two transiently-expressed
forms of Arabidopsis PEX11 (isoforms c and d) induced
peroxisome elongation without subsequent division (increase
in number). However, two others isoforms (PEX11a and e)
individually promoted replication (duplication) of peroxisomes
(Fig. 2F and G), i.e., peroxisomes bearing PEX11a elongated
prior to or during the duplication process, whereas those
bearing Pex11e remained spherical to rod-shaped during the
duplication process. That the peroxisomes actually doubled in
number was quantified in statistically significant counting
analyses [18]. On the basis of these data, the replication
(duplication) of pre-existing peroxisomes illustrated in Fig. 3 is
labelled as “division”, although this process remains to be
authenticated through a direct link to cell division.
Daughter peroxisomes in the new cells might assume the
same functional status as their parent peroxisomes, but also
might change slightly, or drastically, depending upon develop-
mental and/or environmental cues. In any case, the daughter
peroxisomes necessarily would undergo a maturation process by
acquiring more and/or new membrane and matrix components,
which likely would be supplied by the ERPIC, and, thereby,
contribute to “growth” of these organelles. Unfortunately, this
portion of the model is not supported by any direct experimental
evidence and therefore is entirely speculative. It is within this
context, however, that the model is not called a “growth and
division” model as is the long prevailing “autonomous
peroxisome growth and division” model (Fig. 1B). Indeed, a
“division and growth” name might be appropriate, but
maturation and replication of pre-existing peroxisomes in
plant cells is a critical concept that should be captured in the
description of this new model for peroxisome biogenesis.
5. Concluding remarks and future directions
While many aspects of the mechanisms responsible for the
biogenesis of plant peroxisomes have been elucidated over the
past several years [4,13–15], many others remain to be
determined. For instance, while it is reasonably well established
that at least some types of pre-existing plant peroxisomes
undergo maturation upon receipt of membrane components
from the ER and then undergo regulated division (duplication)
via a fission process, the major key unknown events are the
specific mechanisms governing membrane flow from the ER to
peroxisomes (Fig. 3). This includes the sorting and exit of PMPs
(and lipids) at the ER, the constitution of the resulting
membrane carriers, as well as the so-called ERPIC, and the
putative directed membrane fusions events at pre-existing and
daughter peroxisomes. It also needs to be resolved whether any
of the different classes of plant peroxisomes arise de novo from
specialized segments of ER (even in the absence of peroxisomes
or peroxisome ghosts) and then mature into functional
peroxisomes as has been well documented recently in yeast
and mammalian cells [39–41,45]. As discussed above, such an
event has not been included as part of contemporary models forplant peroxisome biogenesis because no cases have been
reported for the complete absence of peroxisomes within plant
cells. Nonetheless, astute applications and creative development
of live-cell imaging methods similar to those reported recently
for the study of peroxisome biogenesis in mammalian [76] and
yeast cells [89–92] should have an enormous impact on
elucidating details of peroxisome biogenesis in plant cells. In
concert with these advances, it is clear from discussions of
models presented in this review that future models should
attempt to accommodate unique mechanisms for the biogenesis
of peroxisomes in plants and all other representative organisms.
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